Activation of the BCR (B cell antigen receptor) stimulates the production of both PtdIns(3,4,5)P 3 and Ins(1,4,5)P 3 . PtdIns(3,4,5)P 3 and Ins(1,4,5)P 3 are generated from a common substrate, PtdIns(4,5)P 2 . In some systems, continuous PtdIns(4,5)P 2 synthesis is necessary for maximal Ins(1,4,5)P 3 production, but whether this is true for the BCR, and whether PtdIns(4,5)P 2 synthesis is regulated following BCR activation, are not known. We found that Btk (Bruton's tyrosine kinase), a member of the Tec family of cytoplasmic protein tyrosine kinases, is constitutively associated with PIP5Ks (phosphatidylinositol 4-phosphate 5-kinases), the enzymes that synthesize PtdIns(4,5)P 2 . Btk functions as a shuttle to bring PIP5K to the plasma membrane as a means of stimulating PtdIns(4,5)P 2 synthesis. The Btk-PIP5K complex appears to localize to lipid rafts. This complex provides a novel shuttling mechanism that allows Btk to regulate the production of the substrate required by both its upstream activator phosphoinositide 3-kinase and its downstream target phospholipase Cγ 2.
Introduction
Signal transduction pathways initiated by activation of the BCR (B cell antigen receptor) are critical for B cell development and function. A number of different approaches have been used to identify the essential components of the BCR signal transduction pathway. The genes mutated in humans and mice with defects in B cell development and function have been identified, B cell function in mice in which genes have been deleted by homologous recombination has been studied, and genetic and biochemical studies in cultured cells have been used. From these studies, a clear picture of the pathways activated by the BCR has emerged. BCRdependent stimulation of calcium flux is a key response, which begins with activation of two protein tyrosine kinases, Lyn (and other Src-family tyrosine kinases) and Syk. Subsequently, several downstream pathways, including PI3K (phosphoinositide 3-kinase), Vav family guanine nucleotide-exchange factors and Btk (Bruton's tyrosine kinase), are activated and converge on PLCγ 2 (phospholipase Cγ 2), leading to its membrane localization and tyrosine phosphorylation (reviewed [1] [2] [3] ). The scaffolding protein BLNK (B cell linker protein) also plays an important part in PLCγ 2 activation [4, 5] , probably by co-localizing Syk, Btk and PLCγ 2 [6] . PLCγ 2 then hydrolyses PtdIns(4,5)P 2 to produce Ins(1,4,5)P 3 and diacylglycerol, which cause an increase in intracellular calcium and stimulate protein kinase C respectively. Although the identities of the components necessary for the proper functioning of this pathway are well established, the roles of PI3K, Vav proteins and Btk are not completely understood. In the present study, we have investigated the role of Btk in BCR-dependent calcium flux.
Btk is a member of the Tec family of protein tyrosine kinases, and contains an N-terminal PH (pleckstrin homology) domain, followed by a region conserved in other Tec kinases (the Tec homology region), a proline-rich region, SH2 (Src homology 2) and SH3 domains and an N-terminal kinase domain [7] . The importance of Btk for BCR-stimulated calcium flux was revealed when mutations in Btk were found to cause XLA (X-linked agammaglobulinaemia) in humans and the Xid phenotype in mice [8, 9] . Lyn or Syk phosphorylates Btk in the activation loop of the kinase domain, resulting in stimulation of Btk kinase activity [10] . Btk is then recruited to the plasma membrane by binding of its PH domain to the PI3K product PtdIns(3,4,5)P 3 [11] , but PI3K activity is not necessary for the BCR to stimulate the kinase activity of Btk [12] . A preponderance of evidence indicates that an essential function of Btk is phosphorylation of PLCγ 2, which is necessary for its full activity [13] . BCRdependent tyrosine phosphorylation of PLCγ 2 is defective in B cells from mice lacking Btk, or in DT40 cells that do not express Btk. Some of the mutations that cause XLA result in a kinase-dead Btk, and other mutations impair the ability of the Btk PH domain to bind to PtdIns(3,4,5)P 3 . Thus both the kinase activity of Btk kinase and the ability to bind PtdIns(3,4,5)P 3 appear to be indispensable.
Several studies also suggest that Btk has a function independent of its kinase activity and membrane localization. A kinase-dead form of Btk reconstitutes BCR-dependent calcium flux in DT40 cells in which the endogenous Btk gene has been deleted. Takata and Kurosaki [14] found that kinase-dead Btk resulted in only a partial recovery of BCRdependent calcium flux, but Tomlinson et al. [15] found that BCR-dependent calcium flux was normal in cells expressing kinase-dead Btk as an oestrogen receptor fusion protein. Scharenberg et al. [11] showed that expression of kinase-dead Btk in A20 B cells stimulated PtdIns(3,4,5)P 3 accumulation. In some human B cell lines from XLA patients expressing mutant Btk, BCR-dependent PLCγ 2 phosphorylation is normal, although the phosphorylation of the specific sites critical for PLCγ 2 activity has not been determined [16] . Another Tec family kinase, Itk, also appears to have a kinase-independent function. Expression of an SH2 domain mutant of Itk blocks TCR (T cell receptor)-dependent actin polymerization in Jurkat cells, but a kinase-dead mutant does not, suggesting that the primary function of Itk in this pathway may be as a scaffold, rather than a kinase [17] .
Btk regulates PtdIns(4,5)P 2 synthesis in B cells
We investigated further whether Btk has a kinaseindependent function [18] . The increase in PtdIns(3,4,5)P 3 levels detected in cells expressing kinase-dead Btk could be explained either if Btk stimulated PtdIns(3,4,5)P 3 synthesis or if the PH domain of Btk shielded PtdIns(3,4,5)P 3 from phosphatases that would degrade it. In this latter case, kinase-dead Btk should act as dominant negative construct with respect to BCR-dependent calcium flux by blocking the function of PtdIns(3,4,5)P 3 . On the other hand, if kinase-dead Btk stimulates PtdIns(3,4,5)P 3 synthesis, it might also augment BCR-dependent calcium flux. To distinguish between these possibilities, we expressed wild-type or kinasedead Btk in A20 B cells using vaccinia virus as the vector. Overexpression of wild-type Btk significantly increased the delayed calcium flux following BCR activation, and expression of kinase-dead Btk gave a similar result. These findings are consistent with those of Takata and Kurosaki [14] and Tomlinson et al. [15] , and indicate that the kinase activity of Btk is not necessary for BCR-dependent calcium flux, at least when the proteins are expressed at high levels.
Protein kinases C [19] , the transcription factor TFII I [20] and the β/γ subunits of heterotrimeric GTPases [21] bind to Btk. How these proteins might stimulate calcium flux was not apparent. Since Btk appeared to regulate both PI3K and PLCγ 2 activity by acting as a scaffolding protein, we considered the possibility that Btk might regulate PtdIns(4,5)P 2 synthesis, since PtdIns(4,5)P 2 is the substrate for both PI3K and PLCγ 2. O'Rourke et al. [22] showed that PtdIns(4,5)P 2 synthesis was stimulated in permeabilized B cells in which the BCR or CD19 had been activated. It is not known, however, whether de novo PtdIns(4,5)P 2 synthesis is required for BCRdependent PLCγ 2 activity or how PtdIns(4,5)P 2 synthesis is regulated.
The simplest way of regulating BCR-stimulated PtdIns(4,5)P 2 synthesis would be by equilibrium between the concentrations of PtdIns, PtdIns4P and PtdIns(4,5)P 2 if the kinases are constitutively localized at the plasma membrane. PtdIns(4,5)P 2 consumed by PLCγ would be replenished by mass action. Basal PtdIns(4,5)P 2 levels could be regulated by feedback inhibition of PIP5Ks (phosphatidylinositol 4-phosphate 5-kinases) by PtdIns(4,5)P 2 . This does not explain how PtdIns(4,5)P 2 directly regulates cellular functions such as ion channel permeability [23, 24] or actin assembly, which require stimulated synthesis and proper localization of PtdIns(4,5)P 2 . Receptors coupled to PLCβ require de novo PtdIns(4,5)P 2 synthesis for maximal Ins(1,4,5)P 3 production, based on calculations of total cellular PtdIns(4,5)P 2 and the amount of Ins(1,4,5)P 3 produced [25, 26] . A study in which Jurkat T cells were labelled with [ 3 H]inositol to measure total phosphoinositide levels and with [
32 P]PO 4 to detect new synthesis showed TCR-dependent PtdIns(4,5)P 2 synthesis, and concluded that new synthesis was necessary for optimal PLCγ 1 activity [27] .
A requirement for de novo PtdIns(4,5)P 2 synthesis depends on the amount of PtdIns(4,5)P 2 accessible to PLCγ , which is not known, and the amount of Ins(1,4,5)P 3 produced. Activated PLCγ is localized to membrane rafts [28] , suggesting that it may have access to a limited pool of PtdIns(4,5)P 2 . Several lines of evidence support this idea. PtdIns(4,5)P 2 is found primarily at the plasma membrane, and in the cell lines in which PtdIns(4,5)P 2 localization has been investigated, it is found disproportionately in detergentinsoluble rafts. In MDCK (Madin-Darby canine kidney) and A431 cells, approx. 20% and 50% respectively of PtdIns(4,5)P 2 is found in rafts. The PtdIns(4,5)P 2 localized to rafts is cleaved specifically by PLCγ in response to stimulation by epidermal growth factor [29, 30] . The distribution of PtdIns(4,5)P 2 has not been analysed in lymphoid cells. Similarly, whether PI3K utilizes a particular pool of PtdIns(4,5)P 2 has not been investigated. Although there is convincing evidence that PtdIns(4,5)P 2 synthesis is stimulated following TCR or BCR ligation, studies have not addressed, in either T or B cells, how the synthesis is regulated, whether PtdIns(4,5)P 2 is in a particular compartment, such as rafts, or the importance of PtdIns(4,5)P 2 synthesis in the regulation of PLCγ activity.
To determine whether Btk regulates PtdIns(4,5)P 2 generation, we measured PtdIns(4,5)P 2 synthesis in wild-type and Btk null DT40 cells following BCR stimulation. Since PtdIns(4,5)P 2 levels are high basally, we used short-term, nonequilibrium labelling to detect BCR-stimulated PtdIns(4,5)P 2 synthesis. PtdIns(4,5)P 2 synthesis was stimulated by BCR activation in the wild-type cells, consistent with the findings of O'Rourke et al. [22] , who showed in permeabilized B cells that BCR or CD19 activation stimulated PtdIns(4,5)P 2 synthesis. There was no stimulated PtdIns(4,5)P 2 synthesis in the Btk null DT40 cells, however. The interpretation of these results is somewhat complicated, since, in the absence of Btk, PLCγ 2 is not activated and PtdIns(4,5)P 2 consumption is not stimulated.
Btk recruits PIP5Ks directly to lipid rafts
To investigate further how Btk regulates PtdIns(4,5)P 2 synthesis, we determined whether Btk associates with PIP5Ks.
These enzymes synthesize PtdIns(4,5)P 2 by phosphorylating PtdIns4P at the 5 position of the inositol ring. There are three isoforms in mammalian cells, α, β and γ [31] [32] [33] [34] . We assayed immunoprecipitates of Btk from Ramos, A20 and primary B cells, that were either quiescent or had been stimulated with Fab to activate the BCR, for PIP5K activity. In all of the cells, PIP5K activity was constitutively associated with Btk. In Ramos cells the PIP5K activity associated with Btk increased following BCR activation, but in A20 cells and primary B cells the PIP5K activity associated with Btk was not affected by BCR activation. The associated activity was not affected by BCR stimulation. These results suggested that Btk might stimulate PtdIns(4,5)P 2 synthesis by recruiting PIP5Ks to the plasma membrane in response to BCR activation.
We next examined how Btk associates with PIP5Ks. All three PIP5K isoforms are expressed in B cells and, based on co-transfection experiments, Btk associates with all three. Using deletion mutants of Btk we found that the PH domain was necessary for association with PIP5Ks. We expressed the Btk PH domain as a glutathione S-transferase fusion protein in bacteria and found that it associated with PIP5Ks, also produced in bacteria. These results show that the interaction of Btk and the PIP5Ks is direct and that the PH domain of Btk is sufficient for binding. We also investigated whether mutations in the PH domain of Btk inhibit binding to the PIP5Ks. However, the R28C, E41K and Q127H mutants were not impaired in their ability to bind PIP5Ks.
We took several approaches to test the prediction that Btk recruits PIP5Ks to the plasma membrane. We expressed PIP5Kβ in A20 cells and examined the effect of co-expression of wild-type Btk or the R28C mutant of Btk on the localization of PIP5Kβ by immunofluorescence. PIP5Kβ is cytoplasmic in the absence of Btk, but when co-transfected with Btk a significant fraction is associated with the plasma membrane. PIP5Kβ remains cytoplasmic when cotransfected with the R28C mutant of Btk. These results show that expression of Btk causes PIP5Kβ to associate with the plasma membrane. Since the R28C mutant of Btk does not affect the cytoplasmic localization of PIP5Kβ and itself fails to associate with the plasma membrane, direct recruitment of PIP5K to the plasma membrane by Btk best explains these findings.
Many of the components of signal transduction pathways activated by the BCR are concentrated in lipid rafts. Src family kinases are constitutively present in rafts, but other molecules, such as BLNK, PLCγ 2 and Btk, are recruited following activation. If PIP5Ks function to provide PtdIns(4,5)P 2 as substrate for PLCγ 2 and perhaps PI3K, they should appear in rafts along with Btk, after BCR stimulation. We transfected Ramos cells with epitope-tagged PIP5Kβ and then isolated raft fractions from quiescent or stimulated cells. The fractions were Western blotted for Lyn, Btk, PLCγ 2 and PIP5Kβ. As expected, Lyn was constitutively present in the raft fractions, and Btk and PLCγ 2 were recruited following activation. Similarly, PIP5Kβ was recruited following BCR stimulation. Btk associates through its PH domain with PIP5Ks. In response to BCR activation, Btk recruits PIP5Ks to lipid rafts, where they produce PtdIns(4,5)P 2 for use by PI3K and PLCγ 2. DAG, diacylglycerol; IP 3 , Ins(1,4,5)P 3 .
PIP5Ks regulate Ins(1,4,5)P 3 and PtdIns(3,4,5)P 3 production in BCR-stimulated B cells
One approach to testing the importance of PIP5Ks in BCR-stimulated Ins(1,4,5)P 3 and PtdIns(3,4,5)P 3 synthesis would be to use kinase-dead mutants as dominant negative constructs. With the exception of permeabilized platelets, we have not detected dominant negative effects due to the expression of kinase-dead PIP5Ks [35] . We have examined PtdIns(4,5)P 2 synthesis, actin polymerization and PI3K activity in fibroblasts, and PtdIns(4,5)P 2 synthesis, Ins(1,4,5)P 3 production and PI3K activity in B cells. For reasons that are unclear, in at least some systems, kinase-dead PIP5Ks do not block PtdIns(4,5)P 2 synthesis.
On the other hand, overexpression of PIP5Ks does affect BCR-stimulated calcium flux, and Ins(1,4,5)P 3 and PtdIns(3,4,5)P 3 production. Overexpression of either Btk or PIP5Kβ alone significantly increases delayed calcium flux in response to activation of the BCR. Co-expression of PIP5Kβ and Btk further enhances delayed calcium entry. Similar results were seen when Ins(1,4,5)P 3 production was measured, except that overexpression of PIP5Kβ alone dramatically prolonged Ins(1,4,5)P 3 production. The magnitude and time course of Ins(1,4,5)P 3 production was increased further with co-expression of Btk and PIP5Kβ. These findings suggest that PtdIns(4,5)P 2 may be limiting for PLCγ 2 activity, and that PtdIns(4,5)P 2 synthesis may regulate PLCγ 2 activity.
We also measured PtdIns(3,4,5)P 3 production in A20 cells overexpressing PIP5Kβ. There was an increase in both basal and BCR-stimulated PtdIns(3,4,5)P 3 levels in these cells, comparable with that in cells overexpressing a membranetargeted catalytic subunit of PI3K, p110α. The stimulation of PtdIns(3,4,5)P 3 production by PIP5Kβ was dependent on the ability of Btk to be recruited to the plasma membrane. Co-expression of the R28C mutant of Btk with PIP5Kβ inhibited PtdIns(3,4,5)P 3 production in response to BCR activation, suggesting that Btk-dependent recruitment of PIP5K to the plasma membrane is necessary for PtdIns(4,5)P 2 production to provide substrate for PI3K.
Conclusions
Btk appears to function as a shuttle, independent of its kinase activity, to stimulate PtdIns(4,5)P 2 synthesis by transporting PIP5Ks to the plasma membrane (Figure 1) . Btk is ideally positioned in the BCR signalling cascade to regulate PtdIns(4,5)P 2 synthesis, since PtdIns(3,4,5)P 3 production would sustain Btk membrane localization, and a major function of Btk is to activate PLCγ 2, which uses PtdIns(4,5)P 2 as its substrate.
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